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A B S T R A C T   
The Atlantic salmon has been studied extensively, particularly as a model for understanding the genetic and 
environmental contributions to the evolution and development of life history traits. Expression pattern analysis 
in situ, however, is mostly lacking in salmon. We examine the embryonic developmental expression of six6, a 
candidate gene previously identified to be associated with spawning ecotypes and age at sexual maturity, in 
Atlantic salmon. Six6 is a member of the sine oculis homeobox family of transcription factors and is known to 
regulate eye and brain development in other vertebrates. We assay the expression of this gene in embryonic 
Atlantic salmon Salmo salar by whole-mount in situ hybridization. In line with earlier studies in other vertebrate 
species, we find conserved expression in the developing brain and sensory organs, including optic and olfactory 
primordia. However, we also find previously unreported domains of expression that suggest additional roles in 
axial and appendicular development, cardiovascular, intestinal, and sensory organogenesis. Each of these sys-
tems are important in the sensory ecology of Atlantic salmon, suggesting it is plausible that six6 may have 
pleiotropic roles in this complex phenotype.   
1. Introduction 
The Atlantic salmon (Salmo salar L.) is an exciting system for 
exploring the genetic variation that underlies the evolution of pheno-
typic diversity. Atlantic salmon have an anadromous life cycle whereby 
mature fish spawn in rivers and juveniles remain in the freshwater 
environment for 1–7 years, after which they migrate to sea for a varying 
number of years before returning to reproduce, often in their natal river. 
Some of the traits behind this complex life-history strategy include 
adaptation to the local environments of their spawning grounds, varia-
tion in age at maturity, and the ability to transform their physiology for 
marine and freshwater environments (reviewed in Jonsson and Jonsson, 
2011). 
Recent studies examining patterns of variation across the genome of 
salmonids identified several genome regions inferred to be under 
diversifying selection and/or linked with the abovementioned traits 
(Bourret et al., 2013; Moore et al., 2014; Barson et al., 2015; Lemay and 
Russello, 2015; Veale and Russello, 2017; Pritchard et al., 2018). One 
such locus, near the sine oculis-related homeobox 6 (six6) gene on chro-
mosome 9, has been found to associate with age at maturity (Johnston 
et al., 2014; Barson et al., 2015; Sinclair-Waters et al., 2020) and 
spawning ecotype in salmonids, including Atlantic salmon and sockeye 
salmon, Oncorhynchus nerka. More specifically, six6 alleles have been 
associated with stream vs lake-shore spawning ecotypes in sockeye 
salmon (Veale and Russello, 2017) and seasonal return migration timing 
of Atlantic salmon sub-populations (Pritchard et al., 2018; Cauwelier 
et al., 2018). SIX6 also associates with size and age at maturity in 
humans (Perry et al., 2014; Day et al., 2017) and is required for fertility 
and puberty in mice (Larder et al., 2011; Pandolfi et al., 2019). In 
Atlantic salmon, the chromosome 9 six6 paralogue is expressed in the 
brain, eye, gill, and testis, and is hypothesized to contribute to matu-
ration regulation via the brain-pituitary-gonadal axis (Kurko et al., 
2020). 
Six6 is a member of the sine oculis homeobox family of transcription 
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factors that was first identified from a mutation in a gene called sine 
oculis in Drosophila melanogaster that affects the visual system (Cheyette 
et al., 1994; Serikaku and O’Tousa, 1994). Six6 has evolutionary 
conserved roles in the control of eye development in fly, fish, frog, chick, 
and mouse (Seo et al., 1998; Toy et al., 1998; Jean et al., 1999; 
Lopez-Rios et al., 1999, 2003; Toy and Sundin, 1999; Zuber et al., 1999; 
Ghanbari et al., 2001; Ogawa et al., 2019). Two additional SIX family 
member genes are found in flies, optix and DSix4, and there are currently 
three subclasses of SIX proteins, each of which contain one fly gene and 
their orthologs: Six1/2 (sine oculis), Six3/6 (optix), and Six4/5 (DSix4). 
Optix and its orthologs also regulate eye development, whereas DSix4 
and its orthologs function primarily in mesoderm derivatives (reviewed 
in Kumar 2009). SIX genes are broadly conserved in sequence and 
function, and frequently cooperate with other SIX genes to regulate 
organogenesis (Diacou et al., 2018; Garcez et al., 2014; Kawakami et al., 
2000; Kobayashi et al., 2007; Ogawa et al., 2019). Despite the wealth of 
knowledge of expression patterns in the gene family, there is no 
information about specific expression domains in salmon. Given the 
gene’s link with ecologically relevant phenotypes, this would be an 
important first step towards understanding the possible functional 
mechanisms resulting in such ecologically relevant variation. 
Here, we examine the developmental expression of six6 in Atlantic 
salmon embryos from approximately the eyed-egg stage of development 
through hatching using whole-mount in situ hybridization. Our data 
support a conserved role for this gene in the development of the cranial 
sensory organs, and suggest the evolution of novel expression in Atlantic 
salmon potentially related to spawning and migration. 
2. Results 
The common ancestor of salmonids underwent a salmonid-specific 
fourth vertebrate whole-genome duplication (WGD) (Macqueen and 
Johnston, 2014; Lien et al., 2016), and, consequently, there are four 
paralogues of six6 in the Atlantic salmon genome on chromosomes 1, 7, 
Fig. 1. (A) Maximum-likelihood tree of SIX3/6 nucleotide sequences. Accession numbers are bracketed after each paralogue. (B) Amino acid alignment of SIX3 and 
SIX6 paralogues. The SIX domain (top) and homeodomain (bottom) sequences of SIX proteins are highly conserved. 
J.E. Moustakas-Verho et al.                                                                                                                                                                                                                  
Gene Expression Patterns 38 (2020) 119149
3
9, and 18. Six6 paralogues from chromosomes 9 and 1 are 90% similar at 
the nucleotide level and 100% similar in amino acid composition in the 
conserved SIX domain (SD) and homeodomain (HD) (Fig. 1). Atlantic 
salmon six6 genes on chromosomes 7 and 18 cluster together as a sister 
group to other vertebrate six6 or six3 genes (Fig. 1). Atlantic salmon six6 
genes on chromosomes 1 and 9 cluster together within the clade of six6 
paralogues of other vertebrates (Fig. 1), suggesting that these salmon 
genes arose following WGD. 
2.1. Cranial expression of six6 in Atlantic salmon reveals conserved and 
novel domains 
In the earliest developmental stages examined, approximately 158 
τs, the brain is already segmented into forebrain, midbrain, and hind-
brain primordial regions, pigmentation is beginning to spread across the 
eye, and the semicircular canals are beginning to form in the otic vesicles 
(Gorodilov, 1996). At this stage, six6 is expressed in the periventricular 
tissue of the telencephalon, diencephalon, midbrain, and hindbrain, and 
along the tectum (Fig. 2A–C). Expression is also seen in the developing 
olfactory and otic primordia, and neural retina of the eye (Fig. 2A–C). At 
178 τs, the expression of six6 persists in the periventricular tissue of the 
brain, optic tectum, and cranial sensory organs, with new expression 
appearing in the developing cerebellum (Fig. 2F–H). At 194 τs, expres-
sion continues in the periventricular tissue and retina, and is now seen in 
the olfactory epithelium and bulbs, and broadly in the otic organs 
(Fig. 2L–N). This expression continues strongly through 227 and 259 τs 
(Fig. 2Q–S, 2V, 2X). Expression was also seen in the lower jaw and gills 
at 227 τs (Fig. 2R). Dissection of the brain revealed expression in the 
pineal and pituitary glands (Fig. 2W). 
2.2. Six6 is expressed postcranially in the developing sensory, 
musculoskeletal, vascular, and digestive systems 
We found postcranial domains of expression for six6 in Atlantic 
salmon not previously reported in any other organism. At 158 τs, six6 is 
expressed in the pectoral fin mesenchyme, notochord, axial vasculature 
(dorsal artery and caudal vein), ventrally in the neural tube, and the 
hematopoietic tail region (Fig. 2A, 2D-E). Expression in the notochord, 
axial vasculature, and pectoral fin mesenchyme is maintained through 
227 τs (Fig. 2F, 2J-K, 2L, 2N-Q, 2S–U). Expression in the axial vascula-
ture is still seen at 259 τs in the developing caudal peduncle area 
(Fig. 2V). At 178 τs, six6 is expressed also in the heart, gut, anal fin 
mesenchyme, and dorsally and ventrally in the myotomes (Fig. 2F and 
2I-J). This pattern continues at 194 and 227 τs, and additional expres-
sion is seen in the developing lateral line and fin fold mesenchyme 
(Fig. 2L and 2O-R, 2T-U). At 259 τs, expression continues along the 
length of the body in the lateral line, myotomes dorsally and ventrally, 
fin fold mesenchyme, gut, and the developing caudal fin mesenchyme 
(Fig. 2V and 2Y-Z). Dissection revealed that the expression of six6 is at 
the surface of the developing superficial slow muscles and in the myo-
septae (Fig. 2Y). Expression results and sample size numbers are sum-
marized in Table 1. 
3. Discussion 
We assayed the developmental expression of six6 in Atlantic salmon 
embryos by in situ hybridization. In line with earlier studies in other 
vertebrate species, we found conserved expression in the developing 
brain and sensory organs, including optic and olfactory primordia, but 
we also identified previously unreported domains of expression in otic 
primordia, lateral line, pineal gland, myotomes, fin and fin fold 
mesenchyme, notochord, axial vasculature, heart, and gut, suggesting 
additional roles in organogenesis. Previous work in vertebrates 
including zebrafish, medaka, Xenopus, chick, and mouse described the 
expression of six6 in the forebrain and developing hypothalamus, pineal 
and pituitary gland, and in the optic and olfactory sensory organs (Seo 
et al., 1998; Toy et al., 1998; Jean et al., 1999; Lopez-Rios et al., 1999, 
2003; Ghanbari et al., 2001; Conte et al., 2005). Expression in the eye 
regulates neuronal fate in the presumptive and differentiating retinal 
precursors (retinal neurons and photoreceptors), and expression is also 
seen in the optic chiasma and optic stalk, but not in the retinal pigment 
epithelium or the lens of these organisms (Seo et al., 1998; Toy et al., 
1998; Jean et al., 1999; Lopez-Rios et al., 1999). Further work in 
zebrafish has shown that six6b, another six6 paralogue, and six7 regulate 
the expression of opsins in the cone photoreceptors of the eyes, which 
are important for color discrimination, particularly in foraging behavior 
(Ogawa et al., 2019). Retinal photoreceptor cells and the pineal gland 
are proposed serial homologs that evolved from the embryonic dien-
cephalon (Ekstrom and van Veen, 1984; Mano et al., 2019). The pineal 
gland is a photosensitive endocrine organ that produces melatonin, 
thereby regulating circadian and seasonal cycles (Fenwick, 1970). The 
diencephalic optic nuclei receive inputs from the retina and pineal and 
project to the optic tectum, a visual integration center (Holmqvist et al., 
1994). Together with the tectum, the cerebellum in fish regulates spatial 
orientation and sensory-motor transformations (Broglio et al., 2003). In 
Atlantic salmon, we found six6 to be expressed in the retina, pineal, 
tectum, and cerebellum, suggesting that this gene could have roles in 
visuomotor behavior and spatial cognition, such as swimming and 
navigation, and the regulation of cyclic rhythms. 
The tectum in fishes also processes sensory stimuli from auditory and 
lateral line inputs to behavioral reactions, including navigation, prey 
localization, and the avoidance of predators (Northmore, 2011). Inter-
estingly, the expression of six6 was also found in the auditory and lateral 
line systems in Atlantic salmon, the first time such expression patterns 
have been reported in any species. In zebrafish and Xenopus, six1 and 
six4 paralogues instead are expressed in the developing ear, and in 
zebrafish, they are also expressed in the forming lateral line (Kobayashi 
et al., 2000; Ghanbari et al., 2001; Thisse and Thisse, 2004). The otic 
vesicle gives rise to the inner ear and sensory neurons of the vestibu-
locochlear ganglion (Schlosser, 2006), which function in hearing and 
balance. Mechanosensory hair cells are the sensory receptor cells of the 
ear and the lateral line. The lateral line contains hair cells in neuromasts 
along the surface of the body and is a sensory system responsible for 
detecting movement, vibration, and pressure gradients in the water 
close to the animal. The lateral line functions in navigation, orientation, 
and predatory behavior, and it has further been shown that lateral 
line-mediated vibrational communication is used in spawning behaviors 
(Marchesan et al., 2000; Medina et al., 2013; Satou et al., 1994). 
The teleost olfactory system mediates behaviors and physiological 
responses related to foraging, mating, homing migration, and freshwater 
orientation (Dittman and Quinn, 1996; Olivares and Schmachtenberg, 
2019). Olfactory imprinting is the process whereby fish are thought to 
develop a memory of the chemical characteristics of their natal rivers 
and is thought to be critical for the accurate homing of salmon following 
their marine migration (Hasler and Wisby, 1951; Dittman and Quinn, 
1996). Olfactory and vomeronasal organs contain specialized secretory 
and primary sensory cells, including chemoreceptor cells (Schlosser, 
2006), and our expression data suggest a potential role for six6 in the 
development of olfaction in Atlantic salmon. In addition to giving rise to 
the olfactory sensory neurons, cells that will become 
gonadotropin-releasing hormone (GnRH) secreting neurons in the 
forebrain are also derived from the olfactory placode (Brugmann and 
Moody, 2005). GnRH neurons function in hormone signaling through 
the hypothalamic-pituitary-gonadal (HPG) axis to regulate fertility and 
puberty, and Six6 has been shown to be necessary for this process in 
mice (Larder et al., 2011; Pandolfi et al., 2019). Regulation of GnRH 
neuron development may be one mechanism whereby six6 plays a role 
in sexual maturation in Atlantic salmon. Another site of six6 expression 
that we found in salmon is the pineal, which is also thought to affect the 
reproductive cycle by regulating hormonal secretion by the pituitary 
gland (Motta et al., 1967). We previously showed the expression of six6 
in the brain and gonads of Atlantic salmon and proposed that this gene 
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Fig. 2. Developmental expression of six6 in Atlantic 
salmon embryos. (A–E) 158 τs embryos shown in lateral 
(A, D), frontal (B), and dorsal (C) view, and in section 
(E). (F–K) 178 τs embryos shown in lateral (F, J), frontal 
(G, I), and dorsal (H) view, and in section (K). (L–P) 194 
τs embryos shown in lateral (L, O), frontal (M), and 
dorsal (N) view, and in section (P). (Q–U) 227 τs embryos 
shown in lateral (Q, T), frontal (R), and dorsal (S) view, 
and in section (U). (V–Z) 259 τs embryos shown in lateral 
(V), dorsal (W–X), and ventral (Y) view, and in section 
(Z). af, anal fin; ax, axial vasculature; c, cerebellum; cf, 
caudal fin; cv, caudal vein; da, dorsal artery; ff, fin fold; g, 
gut; gi, gill; h, heart; he, hematopoetic; j, jaw; l, lateral 
line; m, myotome; ms, myosepta; n, notochord; nt, neural 
tube; ol, olfactory (black arrows); op, optic; ot, otic; p, 
pineal gland (white arrowhead); pf, pectoral fin; pv, 
periventricular tissue; r, retina; sf, slow muscle fibers; t, 
tectum (black arrowhead).   
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participates in the regulation of sexual maturity via the 
brain-pituitary-gonadal axis (Kurko et al., 2020). The expression anal-
ysis presented here supports this hypothesis, revealing expression in 
several areas of the brain, as well as the pituitary. 
We also found, for the first time in any species, expression of six6 in 
several postcranial compartments that include the notochord, myo-
tomes, fins, and fin fold mesenchyme. Fundamentally, these tissues 
comprise much of the musculoskeletal system of the fish and are the 
structural basis for movements involved in swimming in rivers and long- 
distance marine migration, as well as other sensorimotor behaviors. 
Expression in the myotomes was found in the dorsal and ventral tips of 
the superficial slow fibers and in the pioneer fibers that will form the 
myoseptum (Macqueen et al., 2007; Valente et al., 2013). Slow muscles 
have slow contractions specialized for steady swimming (Jayne and 
Lauder, 1994). Myoseptae are connective tissues that partition the 
myomeres. In Atlantic salmon, the myoseptae also store most of the 
muscle lipids and have a high density of adipocytes (Zhou et al., 1995, 
1996). During development, the notochord produces secreted factors 
that are important for patterning the central nervous system, axial 
vasculature, and somites (Stemple, 2005). In the early embryo and 
alevin (hatchling), the notochord also plays a structural role helping to 
elongate the embryo and navigate the gravel substrate (Kryvi et al., 
2017). 
Allelic variation in six6 differentiates subpopulations of Atlantic 
salmon whose size and life-history strategy (sea-age at maturity) varies 
with the catchment area and flow rate of the rivers in which they 
reproduce (Pritchard et al., 2018). Work in mouse has shown that Six6 
controls cell proliferation by regulating the cell cycle (Li et al., 2002) 
and it has been proposed that SIX transcription factors may regulate 
tissue growth more generally (Kumar 2009). Cardiovascular expression 
of six6 in the developing heart and axial vasculature of Atlantic salmon, 
as well as expression in the developing gut, indicate that this gene may 
regulate growth and metabolism. An additional hypothesis in connec-
tion with Atlantic salmon and a role for six6 in metabolism has been 
proposed based on a study of resource utilization, linking genetic vari-
ation with diet (Aykanat et al., 2020). 
4. Conclusions 
Fish use multiple sensory systems to integrate information from their 
environment to orchestrate adaptive behaviors. In our study on the early 
development of Atlantic salmon, we find the expression of six6 in several 
organ systems. Previous work has identified associations with the 
genomic region that includes six6 and upstream catchment area, 
spawning site selection, and spawning migration timing in salmonids 
(Cauwelier et al., 2018; Veale and Russello, 2017; Pritchard et al., 
2018). Pritchard et al. (2018) further hypothesized that six6 could 
mediate these adaptive behaviors by modulating aspects of the sensory 
and/or reproductive timing, with six6 having pleiotropic effects on the 
phenotype. Expression pattern analysis is necessary to infer the mech-
anism for when and how a gene may be acting on the phenotype. Our 
work here extends these hypotheses by showing that six6 is expressed in 
the developing olfactory, optic, otic, and lateral line sensory systems of 
Atlantic salmon. We further show that six6 is expressed in the devel-
opment of the brain, musculoskeletal, cardiovascular, and digestive 
systems, thus providing any incentive for testing its potential roles in 
navigation, foraging, and reproduction in future research. 
5. Experimental procedures 
Sample collection and fixation: Animal experimentation was con-
ducted according to license ESAVI-2778-2018. Unrelated individuals of 
Atlantic salmon (Salmo salar) were mated from hatchery-maintained 
Neva river strain from the Natural Resources Institute Finland 
(6224ʹ5000N, 02557ʹ1500E, Laukaa, Finland). Offspring were reared in 
baskets in a recirculation system controlled for water temperature 
(average 8.7 C), oxygen, dissolved nitrate components, and natural 
light cycle. Sampling points and developmental staging were calculated 
following the time needed to form one somite pair (τs) at different 
temperatures in Atlantic salmon (Gorodilov, 1996). Sampling points 
span eyed-egg embryos to several days before hatching. Embryos were 
dissected in phosphate-buffered saline (PBS), fixed in 4% para-
formaldehyde (PFA), and stored in 100% methanol at   20 C. 
Whole-mount in situ hybridization: To target the six6 gene on chro-
mosome 9, implicated in GWAS studies (Barson et al., 2015; Veale and 
Russello, 2017; Cauwelier et al., 2018; Pritchard et al., 2018; Sinclair--
Waters et al., 2020), we used a 20-bp high affinity locked nucleic acid 
(LNA™) probe (Exiqon). Whole-mount in situ hybridization was per-
formed using a double-labeled Fluorescein (FAM) LNA™ probe (Exiqon) 
and Anti-Fluorescein-AP, Fab fragments (Roche) following Sweetman 
(2011) with modifications from Moustakas-Verho et al. (2019). These 
modifications included hybridization at 60 C, the addition of 10% PVA 
and 5 mM levamisole to the alkaline phosphatase buffer, color reaction 
with BM Purple (Roche), and final clearing with glycerol. Embryos were 
imaged in PBS using LAS X software on a Leica S9i stereomicroscope. 
Sequence analysis: SIX sequences from vertebrates for which there is 
published expression data were obtained from GenBank (https://www. 
ncbi.nlm.nih.gov/genbank/). Geneious Prime (2020.1, https://www. 
geneious.com) was used to align SIX nucleotide sequences with the 
Clustal Omega algorithm (Sievers et al., 2011). A Maximum Likelihood 
tree assuming the HKY85 model of nucleotide substitution (Hasegawa 
et al., 1985) and 1000 bootstraps was constructed using PhyML (Guin-
don et al., 2010) in Geneious Prime. Aligned sequences were translated 
and visualized using Mesquite (Maddison and Maddison, 2019). Atlantic 
salmon chromosomes are designated ssa01-ssa29. 
Funding 
This study was funded by the Finnish Academy (grants 314254, 
314255, 327255), the European Research Council under the European 
Union’s Horizon 2020 research and innovation programme (grant 
agreement number 742312), and the University of Helsinki. 
Table 1 
Summary of organs where expression was observed across all developmental 
timepoints examined. Sample sizes are indicated.  
Organ Developmental timepoint 
158 τs (n 
 5) 
178 τs 
(n  5) 
194 τs 
(n  7) 
227 τs 
(n  7) 
259 τs 
(n  5) 
Eyes x x x x x 
Olfactory 
primordia 
x x x x x 
Otic primordia x x x x x 
Brain x x x x x 
Pectoral fin 
mesenchyme 
x x x x  
Anal fin 
mesenchyme  
x x x  
Fin fold 
mesenchyme   
x x x 
Caudal fin 
mesenchyme     
x 
Notochord x x x x  
Axial vasculature x x x x x 
Neural tube x     
Gut  x x x  
Myotomes  x x x x 
Myoseptae     x 
Lateral line   x x x 
Heart  x x x  
Jaw    x  
Gills    x   
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